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Chapter 1

Introduction

High-energy physics has a rich history of creating new tools to enhance its ability
in solving problems faced by the limitation of available technology at each phase
of its growth. The discovery of electrons and X-rays early on in this century with
the invention of the discharge tube was the first step in which began the field
of particle physics in our quest to understand the fundamental laws of nature.
Close on the heels of this discovery there came a virtual revolution of ideas as the
urge to further explore the constituents of matter grew, and with it the need to
develop techniques to solve the puzzles of nature. Present day accelerators like the
Tevatron are the end product of a long chain of discoveries and inventions made
in this century. The primary motivation has been always driven by the need to
produce higher energy beams to look for new particles that seemed to proliferate
the microscopic world in a series of experiments done over three decades from the
1940’s to the 1970’s. One of the earliest steps in this direction was the pioneering
effort in the late 1920’s by E. Lawrence in constructing the first circular accelerator

which culminated in the idea of synchronous acceleration which has made possible



the development of machines like the Tevatron. With the need to look for rare
processes to better constrain our theoretical models and also to search for exotic
particles, ever increasing demands were being made on the available accelerator
techniques. In order to look for particles with higher masses came the idea to
exploit the larger centre-of-mass energy available in beam collisions compared to
the older technique of having the target at rest. This meant a need to optimise the
beam parameters to increase the chances for interaction and ideas like stochastic
cooling were developed to improve on the performance of collider beam luminosity.

In this same spirit an experiment was proposed at Fermilab in the early 90’s to
test a new technique of beam extraction for the Superconducting Super Collider
which was to be built near Dallas in Texas. The extraction scheme proposed for
the SSC was to employ a relatively well known concept of channeling, first seen
in the 1960’s with very low energy beams. The idea was to extract a reasonable
fraction of the circulating beam at 20 TeV to be used for a heavy-flavor fixed target
experiment which was being proposed to run parasitically with collider operations
at the SSC. Conventional methods of beam extraction at such high energies poses
practical problems with no cost-effective or elegant solution. Electrostatic septa
which are routinely used for extraction both at Fermilab and the SPS at CERN,
are insufficient to provide the larger momentum kick required for a 20 TeV beam
like the one at the SSC or at future trans-TeV accelerators. The larger length
needed for the septa makes its construction and alignment difficult. The larger
septum thickness required poses a problem as the needed transverse step-size in
one turn for the kicked beam should be such as to take them over the septa wires.
Since the new extraction scheme proposed for the SSC was not a proven technique,

experiment E853 [8] at Fermilab proposed to demonstrate the feasibility of this



idea by extracting 107°/sec of the circulating proton beam with an intensity of
10'? protons in the Tevatron at 900 GeV/c.

The extraction scheme proposed for the SSC was for the Super Fixed Target
Beauty physics experiment. A similar experiment E771 was getting ready to take
data at Fermilab with a beam energy of 800 GeV/c during the early 1990’s. At
this time the collider detectors at Fermilab were also on the threshold of producing
quality heavy flavor physics results. Measurements that can be done at the collider
and in a fixed target environment complement each other as they correspond to
vastly different centre-of-mass energies. At the time of writing this document
there is a great deal of interest in measuring the beauty cross-section, since the
experiment HERA-B, which is in the same energy domain as the Fermilab fixed
target hadroproduction experiments and is scheduled to take data around 1998.
The motivation to do B physics experiments lies in the ultimate goal to look for
CP violation. It is yet to be seen whether this can be achieved at experiments
like HERA-B or will be first seen at the various dedicated collider beauty factories
like the ones at Cornell or SLAC which are electron machines. In this document is
also presented the results from a cross-section measurement of bb production from
the Fermilab experiment E771 which wrote close to 1.47 million dimuon triggers
during a brief six-week run in late 1991.

In the course of this thesis a case will be made for using extraction schemes like
channeling to get a very high-energy beam from a future collider facility to do fixed
target experiments in heavy flavor physics. Quantitative estimates will be made of
beam Luminosity required for the various physics programs that can be initiated
at a facility like Fermilab using channeling in a bent crystal as a possible parasitic

extraction scheme.



PART I

Parasitic extraction of 900 GeV /c protons from the Tevatron using a

bent silicon crystal



Chapter 2

Crystal Extraction

2.1 Phenomena of Channeling

The transmission of charged particles through matter is determined by its interac-
tion with the atoms that make up matter. Earlier in the century the energy loss of
charged particles resulting from interactions with matter was calculated assuming a
random distribution of atoms which describe the amorphous state. This is the well
known Bethe-Bloch equation for energy loss. However, it came to be known later
that crystalline materials showed higher transmission rates for charged particles
passing through them when they happened to be aligned along certain directions
as dictated by the symmetry of the crystal lattice. A crystal being a regular ar-
rangement of atoms sitting at fixed lattice positions, a charged particle passing
through it will see certain directions as more open than others. Intuitively, stated
the charged particle projectile sees atoms as arranged periodically along strings
or in planes. Hence the motion along this direction is determined by its coherent
scattering off these strings or planes of atoms and not by individual scattering as

is the case when passing through an amorphous material or when it is not aligned



along these more open directions within a crystal. The channeling effect was first
seen in the early sixties from the energy loss of positive ions in crystalline materials.

The first observations of bending channeling at high energies (GeV range) were
done at the PS at CERN and also at Serpukhov. Since then many experiments
have been done with higher energies at various laboratories around the world. The
most recent one was at Fermilab at the highest energy so far with 900 GeV/c

proton beam.

2.1.1 Classical Approximation

It is quite interesting to note that a classical mechanics calculation suffices to un-
derstand most of the features observed for the transmission of a projectile through
a crystal lattice, especially so when incident with a small angle to an axial direc-
tion, resulting in a strong correlation between successive collisions with a string or
plane of atoms. This observation led Lindhard to introduce the continuum model
where the charges from individual atoms in a string or plane is smeared along or
over it respectively. The transverse and longitudinal motions of the projectile are
separated, as the interaction of the projectile with this continuum of charge is in-
dependent of the longitudinal position of the particle. The transverse motion in
the case of having a smeared plane of charge is one dimensional as opposed to the
case of a smeared string where it is two-dimensional.

The continuum potential is given by,

Nd/ z? + y? —I—Z)dmdy (2.1)

where N is the atomic density, and d,, the planar spacing, and y represents the



transverse co-ordinate to the crystal plane. In the continuum model since the
potential is independent of the longitudinal co-ordinates x, z in the planar case the

transverse energy E | is a conserved quantity.

Eo= 5 5 +UW) = 129 + U) (2:2)

where the two terms are the kinetic energy and potential energy respectively, p
is the momentum of the incident particle and % is its local angle to the plane
direction. The transverse energy is given by the value it acquires at the surface of

the crystal,

E, =E (2=0)=1/2pvips” + U(yo) (2.3)

This implies a distribution in transverse energy for a perfectly aligned parallel beam
with respect to the crytalline axis.
The potential used by Lindhard in his calculations is the atomic screened

Coulomb potential which has the following analytical form [3],

B Z1Z2€2 1 T

Y= 0 e o)

(2.4)

where, C ~ 1/3 is a constant and a = 0.8853a0(Z12/3 + ZZZ/?’)_I/2 gives the screening

length where a; is the Bohr radius. The critical angle can be derived from this as
discussed in the next section.
The planar continuum potential after averaging over the plane for the above

form is,

Uly) = 272, Z,e’ Nd,[(y* + 02a2)1/2 — 9] (2.5)

where y is the distance from the plane and d,, is the inter-planar distance.



2.1.2 Critical Angles

The critical channeling angle is usually defined as the minimum angle of incidence
of the particle, with respect to the string of atoms in the case of axial channeling or
the plane of atoms in the case of planar channeling, that allows it to penetrate into
the string or the plane as the case may be for a given crystal type with a certain
symmetry and particle energy. This is determined by equating the transverse
kinetic energy to the maximum height of the electrostatic potential well seen by

the particle due to the atoms in the lattice.
crit —

. 1
Ej:_nt — §pv¢2 _ max (26)

The critical angles for axial and planar cases are given by 1; and v, respectively,

4:Z1Z2€2
SR 2.
e (27)

Yy = \/4Z1Z262Ndp0a/pv (2.8)

2.1.3 Dechanneling

In the previous section while deriving the incidence angle value at which the particle
does not channel, we made a naive assumption about the stability of the potential
well and its essentially static behaviour with time. In reality the crystal atoms
located at each lattice site has thermal vibrations and the presence of electrons
in the vicinity of the lattice sites also induces perturbations to the motion of the
particle in the continuum potential. This leads to a change in the transverse energy,

on an average which increases with penetration. This results in dechanneling. The



source of this loss depends on the transverse energy of the beam. For low values of
transverse energy, it is the scattering with the electrons that is important, though
at higher energies nuclear scattering begins to dominate.

For well channeled particles, their depletion due to the dechanneling process

can be approximated by,

n = ng exp(—z/Lo) (2.9)

where the dechanneling length L, scales linearly with momentum. The dechannel-
ing lengths for negative particles is shorter as they are more likely to be around
regions closer to the nucleus due to Coulomb attraction and hence get dechanneled

sooner.

2.2 Channeling Application

The phenomenon of channeling has been used for a wide variety of applications in
solid-state physics to high-energy physics. Low energy channeling as in solid-state
physics is useful in determining defects in crystals and material characterisations.
The high magnetic field that relativistic particles experience as they pass through
a crystal was used in a Fermilab experiment E761 [71] to measure the magnetic

moment of the Y.

2.2.1 Channeling in Bent crystals

All the discussion so far had to do with straight crystals. It has been seen that
when crystals are bent elastically, the channeled particles still follow the bent planes
in the crystal. A bent crystal with a constant curvature can be described in the

continuum approximation by introducing a centrifugal force modifying the effective



potential the particle sees to,

Yers(y) = Y(y) — spvy (2.10)

where y is the distance from the centerline between the atomic planes and k = 1/R,
where R is the radius of curvature. The effect of the bending is to shift the particle
trajectories towards the outer atomic plane, and the potential barrier is lowered
reducing the critical angle for channeling as shown in fig. 2.2.

It was shown by Tsyganov that there is a critical radius of curvature R, for
which there is no potential well and hence no channeling. This is reached when

Y.s; has a minimum at z = d,/2, which gives

R, = pv/7Z,Z,¢’ Nd, (2.11)

2.2.2 Beam Extraction Application

Deflection of a beam of charged particles using a curved crystal is quite different
from the deflection achieved in an external magnetic field or electrostatic field in
that it is entirely determined by the physical curvature of the atomic planes along
which the particles are channeled. A useful choice from the many atomic planes
in a crystal is one of low Miller index value such as the (1,1,0) plane. Since the
deflection is independent of the particle energy or momentum, this has a distinct
advantage for its application as an extraction system.

In a bent crystal the equilibrium planar trajectory moves away from the middle
of the planar channel (see fig. 2.2). This is a result of the lowering of one side of

the continuum potential well. Theoretically total dechanneling sets in when the
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Figure 2.1: Channeling in Bent crystal. Shown here is the scheme used in the
CERN experiment and that used in the Fermilab experiment. At CERN the beam
intercepts the crystal across the planes. Hence the incident beam need to penetrate
deep into the crystal to avoid the surface irregularities. In the Fermilab scheme
the beam enters the crystal along the planes and gets bent upward by the crystal.
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Figure 2.2: Planar potential for straight and bent crystal
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equilibrium trajectory gets as close as the Thomas-Fermi screening distance from
the atomic plane. This critical radius of curvature is an extreme lower limit and
is not of any special concern for us in achieving a total deflection of 640 pradian
with a 4 ¢m long Silicon crystal. An important requirement on the particle beam
for deflection is that it must be incident within the critical angle for channeling
perpendicular to the particular plane used. Beam divergence parallel to the atomic
planes is inconsequential.

The goal of parasitic extraction can be achieved with different schemes which
depend on the lattice parameters at the crystal location. Of interest are those
schemes which leave the core of the beam undisturbed while moving the particles
in the halo of the beam onto the crystal surface. The RF manipulation schemes
proposed need a large horizontal dispersion at the crystal location to give a typical
synchrotron displacement times the dispersion comparable to the beam o,. By
generating a signal that creates large particle diffusion rates only for greater syn-
chrotron amplitudes, it would be possible to preserve the luminosity lifetime at the

same time while maximizing the extraction efficiency.

About the Experiment

The goal of the experiment is to extract one million 900 GeV/c protons with 10'?
protons circulating in the Tevatron, to study the extraction efficiency, also to show
that the luminosity lifetime of the circulating beam is not adversely affected and
that no intolerable backgrounds are created for the two Tevatron collider experi-
ments.

The experiment is located in the CO straight section of the Tevatron abort

line. A missing half-dipole (three-bend magnetic dogleg) provides a 4 milliradian
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horizontal kick so that the abort line can clear the magnets at the downstream
end of the straight section. The crystal is placed at the side of the beam with an
upward curvature of 640 uradian, sufficient to deflect the beam halo that strikes the
crystal into the field-free region of the Lambertson magnets. Then the extracted
beam traverses the two instrumented air gaps 40 meters apart and approximately
100 meters downstream of the position of the crystal and finally enters the beam
dump. The air-gaps are instrumented with two scintillators and two silicon-strip
planes each to count the extracted beam and measure its trajectory precisely. The
scintillators also provide the trigger for the silicon planes. A fluorescent screen
coupled to a CCD camera also provides a digital readout of the beam-profile for
run-time diagnostics.

The most critical parameter is the alignment of the vertical angle of the crystal
with the beam angle for channeling to occur. To align the beam quickly with the
crystal, the crystal is mounted at the upstream end of a 1 meter long beam pipe
which ends with articulating bellows. Two precision motors in x and y at each
end of the pipe allow for the alignment of the crystal with four degrees of freedom.
There is also a coarse horizontal stepping motor used to plunge the crystal holder
in and out of the beam line so that when not in use, the crystal is completely
outside of the Tevatron aperture.

Given that the Tevatron beam has a vertical angular divergence of 11.5 yradians
and that at the Tevatron energy the critical angle of the crystal is 5.2 yradians,
the alignment must be done to within 10 pradians for channeling to ocuur. The
tests done by us to study the reproducibilty and linearity of the goniometer preci-
sion movements show that this is easily satisfied. We were able to produce step-

sizes of the order of 2.5 microns with each precision motor which translates to
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2.5 pradians in angle with the 1 meter long lever-arm of the goniometer. The
plunger mechanism was also tested satisfactorily to meet the reproducibility of the
crystal positioning with every excursion of the crystal holder out of the beam-pipe.
These measurements of alignment of the crystal holder surface with respect to go-
niometer coordinates were done using CODAX, a co-ordinate measuring machine

with an accuracy of the order of a micron.
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Chapter 3

E853 Apparatus

This chapter describes in detail the three main aspects that define the experiment
E853. The Tevatron as the provider of the beam at 900 GeV/c for extraction is
described highlighting the various stages of proton beam till its final delivery to
our extraction device. A full section is devoted to the goniometer operations and
calibration which are critical for successful alignment and reproducibility of the
crystal motion during each study session. The last section is mostly related to the
various instrumentation that were installed specifically for E853 and those which

were already part of the Tevatron diagnostics which came useful for our purpose.

3.1 Tevatron

3.1.1 Introduction

The accelerator setup at Fermilab is done in several stages and is shown in fig. 3.1.
It begins at the Preaccelerator consisting of a negative hydrogen ion source, a

Cockcroft-Walton generator, an electrostatic accelerating column and a transport
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Figure 3.1: Layout of the Accelerator at Fermilab. E853 was located at C0. The
air-gaps in the abort line were instrumented with scintillation detectors to count
the extracted beam. Other elements used by E853 were the kicker magnet at E17
and the horizontal damper at F11, both of which are not shown in the picture.
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line that feeds the beam into the Linac. The negative hydrogen ions are produced
at 18 KeV in the source and accelerated upto 750 KeV and bunched by a single-gap
RF cavity at 201.24 MHz before being injected into the Linac rf. The Linac is a
two-stage machine which produces a pulsed beam of 400 MeV H~ ions which is
injected into the Booster. The first stage of the Linac only accelerates the ions to
116 MeV. The second stage has cavities that resonate with the fourth multiple of
the first stage, 805 MHz.

The 400 MeV H~ from the Linac is accelerated after charge-exchange injection
at a rate of 15 Hz by the Booster to 8 GeV for injection into the Main Ring. The
Booster is 151 m in diameter and is made of 96 dipole/quadrapole combinations
and 17 cavity resonators. The beam at extraction from the Booster has the RF
frequency of 52.813 MHz and is phase locked to the Main Ring RF. There are 84
RF buckets in the Booster.

The Main Ring is a 400 GeV proton synchrotron with a radius of 1000 m. It
presently serves as a 150 GeV injector of protons and anti-protons for the Tevatron
as well as for a 120 GeV beam used to produce anti-protons. It is comprised of 774
dipole magnets, 240 quadrupole magnets and 18 RF cavities. It contains 1113 RF
buckets operating at 53 MHz.

The Tevatron is similar to the Main Ring in the structure of its basic lattice,
but it uses superconducting magnets. In the collider mode it has “6 on 6” bunches.
At the begining of the store six proton bunches are injected individually into the
Tevatron followed by the same number of bunches for anti-protons. After injection
they are ramped to 900 GeV for each beam. The bunch spacing alternates between
186 and 187 RF buckets due to the harmonic number being an odd number. The

beam crossing happens every 3.5 psec and each bucket is 18.8 nsec long. Once at
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flattop, the Tevatron continues to circulate the beam for several hours till various

factors reduce the beam intensity. Each such session is called a store.

3.1.2 CO0 Abort Lattice

Most of the E853 related instrumentation is located along the CO abort line. The
abort lattice was designed to have an extraction system that would be fast (one
turn) and clean so that it does not pose a problem for the string of superconducting
magnets in the Tevatron. It consists of kicker magnets and magnetic septa and has
a long lever arm so as to ensure adequate beam separation.

To design the abort line keeping in mind the above mentioned constraints an
unorthodox solution was adopted by reducing the length of the B48-3 dipole in half,
together with the C11-3 dipole. This provided for a 4 mrad change in the Tevatron
orbit which angled the beam away from the magnets downstream and towards the
beam dump. The missing 8 mrad bend by the removal of the half-dipoles had to be
supplied by warm magnets in the straight section itself. These are the Lambertson
and the current-sheet septa, where the circulating beam is in the field region and
the aborted beam in the field free region. The horizontal geometry is shown in
fig. 3.2 and the vertical geometry is a straight line above that of the Tevatron.

The abort for a 1000 GeV beam is achieved with four kicker modules with peak
fields of 3.7 kGauss with a rise-time of 1.5 usec. The Lambertson magnets in the
upstream end of the straight-section provide the initial beam separation. With a
maximum field value of 11.09 kGauss a string of three magnets provide for a 5.5
mrad bend. The current septum magnets provide the extra 3 mrad bend required

for a closed orbit for the circulating beam.
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3.1.3 Kicker Magnet at E17

In all kick mode studies done the kicker magnet located at E17 along the Tevatron
lattice was used to impart an instantaneous kick in the transverse plane to the
beam, such that this led to a significant step-size into the face of the crystal by the
beam in the first turn around the Tevatron. The kick is applied only to a single
bunch of the six bunches in the machine. The nominal value used for the kicker
voltage was 10 kVolt. At 5 KVolt we did not see sufficient beam perturbation to get
to hit the crystal face. The decay time of the kicker voltage was a few pseconds.

The maximum step size achieved at the crystal with a 10 Kvolt kick was 500 pm.

3.1.4 Horizontal Damper at F11

For some diffusion mode studies the horizontal damper at F11 was used to in-
troduce noise in the transverse phase-space to increase the extraction rate. The
associated beam growth leads to multiple scattering of the large angle halo parti-
cles encountering the crystal on successive turns. These particles get channeled on
future traversals through the crystal provided they have an incidence angle within
the critical angle of acceptance. Noise induced diffusion studies were carried out
only in a couple of runs to study its effect on the extraction efficiency. This mode

cannot be used for parasitic extraction due to its destructive effect on the beam.

3.1.5 Loss Monitors

As part of beam diagnostics of the Accelerator, BPM’s provide the amount of
circulating beam left in the machine at any time during the course of a store. This
is a time averaged quantity over many turns in the ring. IBEAMS can be easily

read off an accelerator parameter page. IBEAMS measures the net loss rate in
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the ring, not just that due to the crystal. IBEAMS is still a useful quantity for
normalising the extraction rate in the diffusion mode as in this mode the extraction

process happens over a period of the order of hundreds of turns.

3.1.6 Flying Wires

This is device used for beam profile measurements in the Tevarton. A thin carbon-
fiber filament is flipped through the beam with a speed of ~ 5 m/sec. The secondary
particles from the interaction of the beam with the carbon filament is then detected
as a function of time using a scintillator telescope, from which the beam intensity

profile can be measured.

640 microradian bend
AIRGAP1 AIR GAP2

CCD
CAMERA

BENT CRYSTAL EXTRACTED BEAM

LAMBERTSON

TEVATRON
CIRCULATING BEAM

B 48

Figure 3.2: Shown here is the C0 area where the extracted beam goes into the
field free region of the Lambertson magnet and is detected by the instrumentation
located in the air gaps. Also shown is the location of the bent crystal at B48.
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3.2 Goniometer

The goniometer is essentially a meter long pipe with the crystal positioned at one
end of it on a retractable base. Each end of the pipe is placed on tables which
can move either end of the pipe in the horizontal plane as well as in the vertical
plane. The upstream end of the pipe has a port where the retractable mechanism
is located. The driver for this is on an independent table with its own stepping
motor. The step-size needed for this is not as fine as that required for the x and y
motions of the goniometer pipe. There are five stepping motors for each degree of

motion allowed for the goniometer.

3.2.1 4-point Bender

The bending mechanism for the crystal is located on the flat base at the end of
the retraction mechanism mentioned earlier. In fact, the crystal is pre-bent by the
bender tested for its bend angle before installation in the goniometer. An in-situ
measurement of the bend angle was also done to ensure the integrity of the bend
after its installation in the Tevatron.

The bending design chosen for E853 was that of a 4-point bender. A schematic
of the design is shown in figure 3.2. Beyond the outer points of support for the
bend the crystal has a straight overhang. More details on the design aspect of this

can be found elsewhere [7].

3.2.2 Reproducibility Studies

Extensive reproducibility studies were carried out on table movements. These

were done for different load conditions to simulate the real conditions with the
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meter-long insert attached to the tables. We verified the minimum step-size on
the x,y motion stepping motors (2.5 pm) and on the motor used by the retraction
mechanism (12.5 pm) using a high resolution (1 pm) optical encoder. The backlash

error is of the order of 3 to 4 pm.

3.3 Extraction Line Instrumentation

The abort line at C0O is where the kicked beam enter to travel down into the
beam dump during normal abort operations. Hence, the crystal bend angle of 640
pradians was chosen so as to bend the beam by the right amount at B48 so that
it sees the full aperture of the abort line when it reaches C0 and travels down to
the beam dump. Also along the abort line are two air gaps where we placed our
various instruments for beam detection and measurement. In the next few sections

a more detailed look at these devices is provided.

3.3.1 Scintillation Counters

A total of eight plastic scintillation counters of various shapes and sizes were used
to monitor the beam flux close to the crystal and along the extraction line. These
scintillators were coupled to the phototube using standard techniques to ensure
maximum light collection. The phototube bases used were not all of the same
kind. They ranged from 10-stage to 14-stage bases. The plastic was wrapped in
aluminium foil and sealed with black tape to avoid any light leaks. These were
then tested with radioactive sources and efficiencies were measured for each of
the counters using Cosmic rays and a telescope setup. A plateau curve was also

determined for each of these scintillator-phototube-high voltage base combinations
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H counter H dimension ‘ thickness ‘ comments H

U1 12 in wide 1/2 2n | 1/2 meter from xtal
below beam pipe
U2 12 in wide 1/2 2n | 1/2 meter from xtal

below beam pipe
AG1 1.254n x 1.25en | 1/4 in | 2 identical counters
AG2 1.254n x 1.25en | 1/4 in | 2 identical counters

FIN1 21in x1/32in 1/4 in Horizontal
FIN2 2 in x 1/16 in 1/4 in Vertical
CAL 2in x 3/4in 1/4 in Vertical

Table 3.1: Counter sizes

before they were installed in the tunnel. From these curves one could determine
the optimum high voltage values to be set on each of the counters to detect single
particles in the diffusion mode where the particle flux expected is small enough
to make it a counting experiment. Whereas in the kick mode of operation an
instantaneous kick is imparted to the bunch as a whole horizontally, moving it
deep into the crystal. As a result the fraction of the beam that gets extracted down
the CO abort line in the first few turns is large with the possibility of saturating
the counters. Assuming a mere 10% extraction efficiency, and a circulating beam
intensity of 1.0 x 10!° per bunch, one can naively expect 10° protons down the
extraction line in a single RF bucket. A large flux of this nature can saturate
either the counter itself or the ADCs being used to do charge integration. Hence,
the voltages were selected for the kick mode after considerable tuning so as to avoid

saturation. A summary table is given for all the counter characteristics.
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3.3.2 CCD Camera

The CCD camera works in conjunction with the fluorescent screen which sits along
the Tevatron extraction line at the first air gap. The screen is tilted at an angle of
45°, with the camera pointing at it 90° from the beam line. When the proton beam
hits the screen lighting it up, the image is captured and stored with the help of
‘Frame Grabber’ software available on a Macintosh platform. The image gets stored
as a binary file which can be analysed later for measuring the intensity distribution
in both the horizontal and vertical projections, from which one can also infer the
beam size after the kicked beam is deflected by the bent crystal into the extraction
line. Note, the beam is kicked only horizontally but the crystal deflects it in the
vertical plane into the CO abort line. The usefulness of the camera is mostly in the
kick mode of operation, as there are enough beam particles to leave an image within
the response time of the fluorescent screen. A large flux of 10'° protons saturates
the screen, so that it is very difficult to extract reliable information on the beam
intensity from the camera. Also, calibrating the CCD turned out to be a problem
because of the auto-gain feature of the camera itself. The ‘Frame-Grabber’ can be
configured to run in the free-wheeling mode as well as the triggered mode. During
diffusion studies the former was used, but as the intensities extracted are very low
per bucket (19nsec) it is very difficult to see a clear beam spot as can be seen in
the kick mode. Despite the short comings of this device at both extremes of beam
intensity values, it provides for a useful visual tool to guide one during the initial
setup for crystal alignment. In our case before we saw channeling the CCD was
useful in determining the aborted beam position with respect to the aperture of

the Lambertson magnets.
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3.4 Data Collection Procedure

Here we describe how the data collection was done in both modes of operation.
Central to this is the Data Acquisition System developed to store information from
the scintillation counters as well as the Silicon micro-strip detectors. Raw signals
from the various counters at the air gaps are sent upstairs via RG-58 cables to the
portakamps where they are used to form various logical combinations to be used
as a trigger for the DAQ and also to monitor the individual as well as coincidence

rates with the changing conditions in the experiment.

3.4.1 Logic Diagrams/DAQ

The raw signals from all the counters are split using a home-made star-network of
resistors. Each counter signal is fed into an ADC unit which sits in the CAMAC
crate which communicates directly with the DAQ program. During different runs
a few counter signals were also stored into the ADC as decades of 10 and 100. A
detailed version of the logic elements is presented in the following diagrams which

are mostly self-explanatory.

3.4.2 DAQ and ACNET Controls

DAQ computer comprises of a VAX3100 station which communicates with the
CAMAC crate filled with ADC, TDC and blind scalers. Each channel from every
event is read out using a standard CAMAC software library provided FORTRAN
like subroutine calls from a home-made DAQ program and stored as binary files.
Routines to decode these files and analyse the data are written independent of the

collection procedure. Simple online displays were done to monitor the high-voltages
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Figure 3.3: Shown here are all the raw signals from the various counters that are
discriminated and the coincidences that are made for the interaction counters (U)
and air gap counters (AGl & AG2). The coincidence rates are also fed into the
ACNET scalers and the DAQ scaler which then gets written out to disk. All of the

above logic units were housed in NIM crates in the counting room.
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Figure 3.4: Shown here are the various signals we used from the ACNET camac
crate. The RF signal, the Tevatron clock and the Main Ring signals are used as part
of the trigger definition. Tev clock is also in the definition of counter coincidences.
The DA trigger was used in the kick mode studies.
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Figure 3.5: This diagram gives a detailed view of our trigger definition. The setup
was flexible so as to switch between kick mode and diffusion mode data runs. The

trigger is passed on to the scalers as well as to the silicon detector readout system

(MTC & FSCC triggers) and the ADC and TDC gates for kick mode studies.
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ACNET 720 Hz clock is used to time a 5 sec livetime for the scaler gates to be
open. The TIME SCALER shown also generates the trigger which is fed into the
general fan-in described earlier. The reset and start is run manually using the dip
switch. The Main ring veto is also built into the definition for the livetime for the

gate.
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Figure 3.7: The camac crate configuration used by the DAQ is shown here. The
various ADC, TDC and SCALER signals are read out to the DEC workstation
which ran the DAQ software. Specially built cards in slots 1 & 2 (not shown here)
were used to execute the readout.
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on the counters, and it also printed on screen the ADC and SCALER values of the
individual counters.

Use of ACNET was mainly as a control tool for the movement of the various
stages on which the counters were mounted and to align the crystal by using the
four degrees of freedom of the meter-long goniometer. It was also useful to monitor
the loss rates at the air gap counters and next to the crystal, and to look for any
increased activity at loss monitors located at B0 and DO due to the insertion of
the crystal into the beam halo. This was done by the ACNET utility called ‘Fast
Time Plots’ which plotted the individual counter rates with time on a continual

basis, providing an online monitor.

3.4.3 Kick Mode

In this mode of operation there are advantages of quick alignment of the crystal
for channeling but at the cost of beam degradation at a rate that is not useful for
parasitic extraction from the Tevatron. Kick mode was employed in all the initial
runs of E853. The basic technique is to move the crystal into a pre-determined
horizontal location close to the beam (about 4o, from the beam center). Then
we kick the beam a few times so that the beam emittance increases, what we call
“growing the beam”. At the end of this process the beam has grown to such an
extent that any more individual kicks will drive the beam into the crystal surface
deep enough that it is away from the surface irregularities of the crystal edge which
can be of the order of a few microns. The surface of the crystal has the same effect
as that of the electrostatic septa wires, scattering the beam or interacting with it
as the beam encounters an amorphous layer instead of the symmetry planes.

To get the vertical and horizontal beam profiles we use the flying wires before
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and after beam growth. Also once you know the beam emittances at a given
location it is trivial to calculate the beam divergences knowing all the relevant
lattice Twiss functions. To get an idea of the beam lost one monitors the IBEAMS
counter on ACNET which gives a time average of the number of circulating protons
in the Tevatron. The time averaging is done over many Tevatron turns.

For this mode the ADC readings for the various counters are the only informa-
tion of importance. The DAQ is designed to read out the ADC value for only the
second turn of the proton bunch around the ring after the beam is kicked. The
first turn is not read out as the beam is on the far-side away from the crystal face
due to the betatron motion in the ring and has not yet interacted with the crystal
to produce any useful information. This feature is also predicted by the simulation
results, and a comparison with data will be made in the chapter on data analysis
and results. The CCD camera plays an important role in the kick mode as it is
now sensitive to the beam flux, but usually gets saturated making a calibrated
reading off the Frame-Grabber difficult. The SWICS are another useful device to

get information about the beam profile and intensity distribution in this mode.

3.4.4 Diffusion Mode

Once the crystal has been aligned with respect to the beam for channeling to occur,
the crystal is slowly moved into the tail of the beam halo. In this method the beam
lifetime should not be seriously affected for parasitic crystal extraction with the
Tevatron running in the collider mode.

In the diffusion mode extraction happens over a long time scale, of thousands
of turns, compared to the kick mode. Most of the beam which does not channel

undergoes multiple scattering and gets another chance to enter the crystal on suc-
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cessive turns. The most effective instrumentation for beam measurement in this
mode are the scintillation counters set at voltage levels for single-particle identifi-
cation. These values are obtained from plateau curves obtained with measurement
from cosmic rays as well as data taken for beam-gas interactions that travel down
the CO abort line and trigger the counters.

We also were able to introduce an RF noise using the horizontal damper located
at F11 during one of our sessions. This decreased our beam lifetime by a factor of
4 but lasted long enough as it was comparable to our study session period. Higher
extraction rates were observed with noise on. It is to be noted that in the diffusion
mode tools like the CCD camera and SWICS were not of much use as the extraction

rates were well below their sensitivity.
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Chapter 4

Simulation

4.1 Introduction

For a better understanding of the performance of the experiment as well as from the
need to explore ideas for halo generation it is imperative that we have a reliable
simulation that is representative of the experimental setup. The simulation [2]
needs to cover all of the accelerator physics issues involved as well as fundamental
physics processes that are charateristic of interactions of the proton beam with the
silicon crystal. The former can be well represented in the form of Twiss functions
and matrix transformations for particle transport between any given two locations
of the Tevatron lattice. The latter however remains largely an open issue as to
how exactly one may treat beam crystal interactions within approximations that
are consistent with results that one can measure. Here, the major issues are that
of the treatment of multiple scattering, channeling and beam loss due to inelastic

nuclear collisions.

35



4.2 Beam

To model the beam efficiently we chose an annular distribution of the beam in z-z'
space. The reason for doing so is that the beam core is hardly disturbed at all.
The initial collection of 80,000 particles is populated as a gaussian distribution
in this region with a sigma of 0.56mm (this is the same as the o, for the beam
during low intensity proton only stores). A simulation run with the crystal placed
at its nominal position along the horizontal x-direction and a normally distributed
beam transported around the Tevatron lattice yielded results which indicate that
particles that lie outside of the ellipse defined by z3'** > % su are scraped off
by the crytal edge after 100 turns. This time scale is typical of the time involved
between the positioning of the crystal close to the tail of the beam and start of a
data taking session marked by the application of a kick to the beam to introduce a
reasonable step-size into the crystal. Also, assuming a centroid shift of 0.5mm at

the most one can see that the core of the beam within an ellipse defined by z***,

such that the difference of #5101 and 27" is less than the centroid shift resulting
from the kick guarantees that the core will not come in contact with the crystal.
Hence, retaining only the annular region of the gaussian distribution defined by
7" and z5'** ellipses is a valid procedure to reduce computing without adversely
affecting the physics.

One needs to be careful in choosing the beam phase-space distribution in =z,
z' that matches the Tevatron lattice in order to avoid emittance blowup due to

mismatch. The general equation of the ellipse in terms of the lattice twiss functions

a, B and v is given by,

71:2 + 20zx + ﬁle =€ (4.1)
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The bi-gaussian distribution in z, z space generated initially is not one that
matches the tevatron lattice as given by the equation above. It corresponds to the
case where a is zero reducing the above relation to the form given below where we

use B* to denote the value of 3 characteristic of the initial distribution.

ya? + ﬁ*le =€ (4.2)

where 8* in terms of the lattice twiss fuctions is given by,
B* = Bcos’¢ + ysin’d + 2asingcosd (4.3)
2a

B—~

Hence, this distribution has to be rotated by the amount ¢ to get the right

tan2¢ = (4.4)

orientation of the matched distribution in phase-space.

4.2.1 Crystal

The interaction of the crystal with the beam is modeled as follows. Given the z,
¢ at the crystal face and the crystal geometry one can easily estimate the effective
length of the beam trajectory within the crystal. This is used in calculating the
probability for the incident particle to undergo inelastic nuclear interaction and
also for calculating the effects of multiple scattering.

Each particle arriving at the crystal location is represented be a point in the
transverse phase-space (four coordinates). First, we select an ensemble of particles
interacting with the crystal, simply by applying obvious geometric criterion z >

Torystal for the particle to meet the horizontal dimension of the crystal. Then
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a channeling criterion is applied to the interacting ensemble — all particles with
y' < O.it, ‘successfully’ enter a crystal channel. We assume no dechanneling effects,
therefore all those particles are assumed to channel through the entire length of
the crystal and finally to be extracted from the beam — in our simulation they are
removed from the distribution and further tracking.

All remaining particles traverse the bulk of the crystal (without being chan-
neled), therefore they interact with an amorphous material rather than a crystal.
Knowing the phase-space coordinates z, z of a given particle at the crystal face
and the crystal geometry one can easily calculate the the effective length of the

beam trajectory within the crystal [ as follows.

e o <a
l = cosL.’L" T < b

(X =) z>b

— L — Leryst
a an” ( 7 )
(4.5)
X —=z

b = tan™!

an”( 7 )

This is used to calculate the probability for the incident particle to undergo

inelastic nuclear interaction given by the following distribution

P(l)=1— ¢, (4.6)
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where A7 is the nuclear collision length. Using this distribution, one can select
a fraction of the initial ensemble (interacting with the crystal) to undergo wide
angle nuclear scattering. In our simulation these particles are considered to have
moved outside the angular apperture of the machine — they are removed from the
ensemble and they are no longer being tracked by the simulation.

Now, all remaining particles in the ensemble undergo multiple scattering travers-
ing the crystal. This interaction is implemented in our simulation by adding an
angular deflection (in z and y plane) to the the original phase-space coordinate of
each particle of the interacting ensemble. Those angular kicks are generated ac-
cording to the Gaussian distribution, where the sigmas are given by the following
expression
_ 13.6MeV |1

!
Ber . [1+0.038In(5) (4.7)

oy

Finally, the resulting phase-space distribution (leaving the crystal) is ‘propa-
gated’ through the entire Tevatron ring — it is mapped via the one turn transfer
map, Ry, which includes the details of beam optics. This closes one loop of our

tracking routine.

For completeness crystal properties are listed below in a table.

Table 4.1: Crystal Characteristics

Crystal Silicon
plane 111
Atomic No. 14
Atomic wt. 28.09
density 2.33 g/em?
dimension 4em X lem X lem
interaction length 30.3 cm
radiation length 9.36 cm
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4.3 Lattice Parameters

The simulation presented here resembles the sequence of events that are done during
a data run for experiment E853 in the kick mode. The beam is set at 900 GeV/c.
The crystal is positioned in the tail of the beam at 3 mm from the ideal orbit
position at the crystal location. The data acquisition system is triggered on a
signal that is sent out whenever the beam is kicked by the chosen dipole magnet
located at E17. A map of the location of the crystal position and the kicker in the
Tevatron is given in Figure 3.1. The matrix R is the transfer matrix for a single
turn around the Tevatron and M is the transfer matrix between two locations 1
and 2 in terms of the twiss functions «, # and v at the locations and the phase

difference ép between the two points of the lattice.

cosp + aysinp Bisiny

= (4.8)
—18In i COSlL — o SInp
o \/gjf(co.s&u + ajsinép) VB1B2sinép (49)
_ (1+0410¢2)8in\5/uﬁ+;0¢2—041)5035u g_;(cos(g’u . agsin(?,u)

An up-to-date version of the Tevatron lattice was used to construct the lattice
which extended into the extraction beamline. It stretches from the silicon crystal
location at B48 through the air gaps AGl and AG2. Based on the beam optics
two 6 x 6 transfer matrices were found (from the crystal to the AGl and AG2
locations). Finally, the vertical phase space distributions of the extracted beam
were found in these locations. Numerical values of the vertical beam sizes and the

vertical divergences were calculated in both AG1 and AG2 locations.
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4.3.1 Extraction Lattice

An up-to-date version of the Tevatron injection lattice was used to calculate initial
values of the TWISS functions at the crystal location. The Tevatron lattice was
tuned so that the nominal betatron frequencies in the horizontal and vertical planes
are v, = 20.585 and v, = 20.574, respectively.

The extraction lattice includes a sequence of five Tevatron elements downstream
from the crystal location starting with a half-length horizontal bend magnet, two
full horizontal bends and a doublet of focusing and defocusing quadrupoles. The
rest of the CEX beam line is a long drift stretching through the C0 marker and
both air gap locations (AG1l and AG2). The location of the crystal, AG1l and
AG2 with respect to the CO marker are given by the following distances: the
crystal = —61.0m, AGl = 19.3m and AG2 = 59.5m. Values of the horizontal and
vertical beta functions along the CEX beamline were obtained from MAD 8.14
calculation [22]. Similarly, the vertical parts of the transfer matrices between the

crystal and the air gaps AG1 and AG2 are listed below.

0.1560 41.28
MO = (4.10)

—0.02422 —0.001537

—0.8177  41.34
M® = (4.11)

—0.02422 —0.001537

The transfer map can be written in the following compact form,

E(l) — M(i)y(cr‘ystal)’i _ 1’2 (412)
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where,

Y= (4.13)

The twiss functions for the Tevatron lattice calculated using the MAD program

are listed below in the table.

Table 4.2: Lattice Twiss functions

location o B 7
E17 kicker | -2.181 | 109.851 | 7.767
crystal 0.145 | 104.678 | 20.44

4.3.2 Extracted Beam Phase-Space

The beam entering the crystal is assumed to have a bi-gaussian distribution in the

transverse phase-space (y,y’) characterized by the corresponding sigma values

o, =330 x 10 m (4.14)

oy =11 x 10 °rad (4.15)

Using linear transfer matrices described by Equations 4.10, 4.11 one can get

the simple transformation rules for o, and o,

ol = \/ (Ml(?m(f”’“))2 + (Mf;)a;?W“))Z (4.16)

oty = (o) 4 (3l ol (4.17)

/
Yy
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Evolution of the initial bi-Gaussian distribution governed by the transfer map
given by the Equation 4.12 is illustrated in Figures 4.2, 4.3, 4.4. The values of o,
and 0'; transformed according to Equa